We have analyzed what phylogenetic signal can be derived by small subunit rRNA comparison for bacteria of different but closely related genera (enterobacteria) and for different species or strains within a single genus (Escherichia or Salmonella), and finally how similar are the ribosomal operons within a single organism (Escherichia coli). These sequences have been analyzed by neighbor-joining, maximum likelihood, and parsimony. The robustness of each topology was assessed by bootstrap.
Introduction

Ribosomal
RNA sequences are now widely used for phylogenetic analyses and identifications of species. For phylogeny, rRNA sequences have become popular because they are universally present and have a conserved function (they are homologous in all organisms), because they are easy to sequence, and finally because they are constituted of an interspersion of highly conserved to very variable domains. Ribosomal RNA sequences are now widely used in bacteriology because it is often easier to identify bacteria by specific nucleic acid sequences rather than by their biochemical or physiological traits. Moreover, the coupling of a polymerase chain reaction (PCR) amplification using universal primers to molecular cloning allows the identification of microorganisms that cannot be easily cultured under laboratory conditions (Giovannoni et al. 1990; Ward, Weller, and Bateson 1990; Britschgi and Giovannoni 1991; Schmidt, Delong, and Pace 1991; Fuhrman, McCallum, and Davis 1992; Berchtold, Ludwig, and Kijnig 1994) .
The large ribosomal subunit RNA (LSU rRNA) has a larger information content than the small ribosomal subunit RNA (SSU rRNA), not only because of its larg-er size but also because it contains domains of rapid expansion and higher mutation rates (Hassouna, Michot, and Bachellerie 1984) that could be more adequate for a distance evaluation between closely related species. Despite their seemingly lower phylogenetic information content, the SSU rRNA sequences have become more widely used for estimating phylogenetic relationships among unicellular organisms (Fox, Wisotzkey, and Jurtshuk 1992) . However, SSU rRNA sequences may not be adequate to analyze phylogenetic relationships between closely related species (not to speak of different strains within the same species) because there may not be enough differences between these sequences; this has been suggested by phylogenetic analyses of genera such as Bacillus (Ash et al. 1991; Riissler et al. 1991) or Vibrio (Ruimy et al. 1994) .
Another problem derives from the organization of rRNA genes (rDNA) as a multigene family, often as rrn operons in bacteria. In eubacteria for example there are two rrn operons in Mycobacterium smegmatis (Suzuki and Yamada 1988) and seven rrn operons in Escherichia coli and Salmonella typhimurium (Hill and Harnish 198 1) ; Bacillus subtilis is reported to have 9 or 10 rDNA per genome (Loughney, Lund, and Dahlberg 1982) and a few hundred copies are often present in eukaryotic genomes (Long and Dawid 1980) . The members of a multigene family are subject to a homogenization process (Dover 1982 (Dover , 1987 Ohta 1991 ) and rDNA se-quences tend to evolve in concert. A particular rRNA gene is probably more similar to a paralogous copy in the same organism than to its homologous copy in another species, but we do not know how the necessary homology condition is met when nonhomologous t-RNA genes are compared in different species, that is when the sequence of a single gene is obtained by cloning. Finally, the differences that may exist between the different members of the t-RNA multigene family are probably ignored when sequences are obtained by direct sequencing of RNA or of PCR products.
In order to analyze if a lack of resolution in phylogenetic trees of closely related species could be the result either of a lack of divergence between rRNA sequences or of recombination events that may blur the hierarchichal phylogenetic information (Harvey et al. 1988; Harvey and Hill 1990; Sneath 1993) between E. coli and Salmonella and finally, more than 70% between E. coli and Shigella (Brenner and Falkow 1971; Krieg and Holt 1984) . Sequences have been obtained for bacteria of each of these genera, for several species within two genera (Escherichia and Salmonella), for several strains of E. coli, and finally for the seven rrn operons of a single strain of E. coli. These sequences have been compared and analyzed by three phylogenetic methods: neighborjoining, maximum likelihood, and parsimony, and the robustness of each topology has been assessed by bootstrap. It is concluded that the method used for obtaining a sequence (i.e., cloning versus PCR product direct sequencing) and the occurrence of recombinations between operons are important parameters that should be taken into account for deriving phylogenies between closely related organisms.
Materials and Methods
Bacterial Strains
Bacterial strains belonging to the family Enterobacteriaceae for which SSU rRNA sequences are now available are listed in table 1. Escherichia sp. and Salmonella sp. are peculiar strains whose identifications by phenotypic methods could not be obtained at the species level, but that were characterized at the genus level. They were therefore considered of interest for our analysis.
All phenotypic characterizations of "BioM" strains have been done by the API laboratories at the Institut BioMerieux. Escherichia coli 5 strain MC4 100 has been characterized previously (Casadaban 1976) . Table 1 summarizes the methods used, when the  information  was available,  for obtaining  a sequence:  with reverse transcriptase directly from RNAs (rRNA), with T7 DNA polymerase directly from PCR products of full genomic DNAs (PCR) or after cloning (E. coli 2 and 3), or isolation of an operon (rrnX).
DNA Preparation and Hybridization
Genomic DNA of E. coli PK3 strain was purified as previously described (Ausubel et al. 1991) . DNA was digested using BamHI and Pstl (Hill and Harnish 1981) . Restriction fragments were separated in two different lanes on a 0.6% low melting agarose gel (Gibco BRL). Southern blot transfers of DNA were performed (Ausubel et al. 1991) on Nylon membrane Positive@ (Appligene, France). One lane was transferred on the membrane and the other lane was stored at 4°C. DNA fixation was achieved by baking for 15 min.
A DNA probe of 1.4 kb specific for E. coli SSU rDNA was generated by PCR. Unincorporated dNTP were separated from the probe with a sepharose CL-4B column (Pharmacia).
DNA probes were then labeled by random priming with digoxygenin 1 l-dUTP using a DIG DNA labeling kit (Boehringer Mannheim) as recommended in the instructions. Hybridization and immunological detection of DIG-labeled probes were performed using a DIG-DNA detection kit according to manufacturer's instructions (Boehringer Mannheim). The membrane was then superposed to the remaining half of the agarose gel. Bands corresponding to each rrn operon were cut off and used for amplification.
DNA PCR
All PCR reactions were carried out using Taq DNA polymerase supplied by Appligene France, paraffin wax (fusion temperature:
6O"C), and a hot start procedure. Reaction buffer (final concentrations:
TrisHCl, 50 mM; (NHJ2S04, 16 mM; KCl, 50 mM; MgCl,, 7 mM; bovine serum albumin, 0.2 mg/ml; pH 9.0), dNTP 250 PM each and 30 pmol of each primer were added in a 50-~1 volume below the wax layer. Taq DNA polymerase (2.5 U), 5 ~1 of DNA sample in 0.6% low melting agarose, and reaction buffer were in a 50-p,l volume above the wax layer. Reactions were carried out using a Techne PHC-2 (Techne UK) with the following set of conditions:
95"C, 3 min; 53OC, 2 c Accession numbers under which each sequence is available. d Method by which each sequence has been obtained: rRNA indicates that total rRNA has been sequenced using reverse transcriptase, PCR indicates that total PCR products have been sequenced using T7-DNA polymerase; rrnX indicates that the sequence of a single operon (X) has been obtained; finally the method of sequencing could not be retrieved for some sequences.
min; 72"C, 1 min followed by 94"C, 30 set; 53OC, 1 min; 72"C, 1 min for 25 cycles; a final cycle was 94"C, 30 set; 53"C, 1 min; 72"C, 5 min. Samples were precipitated with PEG 8000 20%, NaCl 2.5 M (Paithankar and Prasad 1991) and purified on 1% low melting agarose in TAE buffer (Tris-acetate pH 7.0, 40 mM; EDTA, pH 8.0, 2 mM).
PCR product direct sequencing was carried out using T7 DNA polymerase (USB). Direct sequencing reactions of total PCR products were performed as previously described (Ruimy et al. 1994 ).
Direct SSU r-RNA Sequencing
Ribosomal RNA purification and sequencing reactions using reverse transcriptase were carried out as previously described (Ruimy et al. 1994 ).
Primer Positions
Ten DNA primers were used in the sequencing reactions. These primers corresponded to the following positions in E. 1223-1240; positions 1384-1400; positions 1493-1509. A reverse primer (positions 8-28) was used in conjunction with the last primer to amplify SSU rDNAs.
Phylogenetic Analysis
The phylogenetic data described below were obtained by alignment of the different sequences and phylogenetic analyses. All operations were done using computer programs developed by us and available on request from R. Christen.
The SSU rRNA sequences were aligned by eye. Domains used for deriving phylogenies were restricted to parts of the sequences for which homologies were without doubt and did not include too many undetermined nucleotides; for figure 1 they were positions 14-78, 101-858, 862-l 124, 1137-1431 (corresponding to E. coli 2 sequence). 5 ' end and 3' end analyses used the same domains but, respectively, up to and from position 665. For the Escherichia and Shigella species trees, we used positions 14-80, 94-205, 207-418, 420-860, 863-1023, 1029-1381, 1385-1438 . Domains used for the Salmonella species trees were: 3-78, 103-205, 207418, 420-1023, 1029-1431 (corresponding to E. coli 2 sequence). Individuals positions that contained undetermined nucleotides have also been removed from analyses. Although all available sequences are mentioned in table 1, they have not all been included in phylogenetic analyses shown in this paper because some of them were identical to other sequences (sequences of E. coli 8 and 9) or because one of them was only a partial sequence (E. coli 10).
A neighbor-joining algorithm like that developed by Saitou and Nei (1987) was used. The program was rewritten to include inputs and outputs compatible with the ribosomal database and other programs developed in our laboratory. Distances were calcultated as uncorrected percentages of divergence or using corrections (Jukes and Cantor 1969) and two-parameter correction (Kimura 1980) . Identical trees were obtained by neighbor-joining whichever distance was used. Topologies shown in this paper were obtained using the correction of Jukes and Cantor for estimating distances. For parsimony, the PAUP program (Swofford 1992) for Macintosh computers was used. All topologies were first obtained by using the heuristic options. When several most-parsimonious trees were obtained, a 100% consensus tree was constructed and treated as the most-parsimonious tree for constructing figures. For the parsimony data matrices only positions that had at least one mutation in one sequence were considered (nonuniform positions). For maximum likelihood, every position was taken into account in order to assess base frequency. Finally, a bootstrap analysis was performed (heuristic option, 100 replications)
to check each topology for robustness. For maximum likelihood the fDNAm1 program rewritten by G. J. Olsen (University of Illinois, Urbana) was used (using E Y, and G options). All trees were plotted by using a program developed by M. Gouy (University Claude Bernard, Lyon, France) that allows transformation of a formal tree representation (Newick's format) into MacDraw drawings.
EMBL Accession Numbers
All sequences obtained for the purpose of this study have been deposited in the EMBL databank under accession numbers indicated in table 1.
Results
Phylogenetic
analyses of SSU rRNA sequences representative of different enterobacterial genera were performed using three methods: neighbor-joining, maximum parsimony, and maximum likelihood. Considering that E. coli and ShigeZZa in fact belong to the same bacterial species because they share a genomic DNA relatedness greater than 70%, and that Escherichia hermanii is probably misclassified as Escherichia (Hart1 1992), the phylogenetic analyses provided resolution at the genus level as two robust monophyletic units were found in all analyses ( fig. 1): (1) the genus Salmonella (S. give, S. paratyphi A, S. sp., S. Sofia, S. typhimurium, and S. shomron) and (2) the genera Escherichia (all of seven strains of E. coli, E. vuZneris, E. sp.) and ShigeZZa (S. sonnei, S. dysenteriae, S. jfexneri). The parsimony analysis with a heuristic search option found 12 trees (for 23 sequences, 146 nonuniform characters, 81 informative positions, tree length 238, consistency index excluding uninformative characters 0.576, retention index 0.822). The two other methods produced very similar topologies as summarized in figure 1. The internal branches for these two monophyletic taxa were well supported, either by maximum likelihood (each branch showed a significantly positive length at P < 0.01) or in a bootstrap analysis using the parsimony method that showed, respectively, a support in 97% and 100% of bootstrap replications ( fig. 1) . Two other analyses were also undertaken, by excluding the leftmost or the rightmost parts of the sequences. Analyses performed using the 5' ends of the sequences produced a topology identical to that obtained when considering the entire sequences. However, trees obtained with the 3' ends of the sequences showed significant differences. In particular, the two monophyletic units described above were not retrieved ( fig. 1) 
FIG.
1 .-Phylogenetic relationships among Enterobacteriaceae inferred from SSU rRNA sequences. The topology shown is an unrooted tree obtained using a neighbor-joining algorithm. Branches also found by maximum likelihood (branches significantly positive at P < 0.01) are labeled with asterisks. Supports from a bootstrap analysis using parsimony are shown as percentages of replications above each branch (only percentage above 50% are indicated), these numbers also indicate branches retrieved in the most parsimonious tree (strict consensus of 12 trees). Internal branches retrieved by all three methods using the 5' or the 3' ends are indicated (as well as percentage of bootstrap replications). For Escherichia coli strain PK3, the mean sequence obtained from direct sequencing of PCR products was used. A resolution at the genus level is achieved, since two robust monophyletic taxa regroup strains that belong to the same genus (see the text for more details).
Escherichia and ShigeZZa (supported at the 75% level of bootstrap replications).
These problems could result either from a lack of data or from inappropriate data. The two reduced data matrices used in parsimony had similar characteristics: for the 3' end: 77 nonuniform characters, 45 informative positions, tree length 118, consistency index excluding noninformative characters 0.612, retention index 0.876; and 69 nonuniform characters, 36 informative positions, tree length 110, consistency index excluding noninformative characters 0.610, retention index 0.790 for the 5 ' end. A lack of support in bootstrap analyses suggested that there was at least a lack of significant data, as did the low distances between any two sequences used in the neighbor-joining approach. A reduced signal when only half of the sequences was used may however not be the only problem, as the presence of distant outgroups could bring a spurious signal in phylogenetic analyses because multiple mutations occurring at the same site may not be detected during the sequence alignment and the choice of characters retained for the phylogenetic analysis (Smith, Lafay, and Christen a phylogenetic study was undertaken, restricted to the genera Escherichia, Shigella, and Salmonella. These phylogenetic analyses revealed the same pattern as analyses with an outgroup (data not shown), therefore excluding the outgroup effect mentioned above.
We then analyzed how phylogenetic relationships were resolved within the monophyletic group that can be tentatively identified as the true genus Escherichia. For this taxon, the maximum parsimony analysis (heuristic search) found four trees (for 12 sequences, 34 nonuniform characters, 7 informative positions, tree length 40, consistency index excluding uninformative characters 0.818, retention index 0.800). The branch separating all E. coli strains on the one hand and E. vulneris, S. dysenteriae, and S. flexneri on the other hand was supported at the 70% level of bootstrap replications and was also observed in analyses using the two other methods ( fig. 2 ). But the other internal branches could not be resolved. For the Salmonella taxon, maximum parsimony found three trees (for 6 sequences, 36 nonuniform characters, 7 informative positions, tree length 45, consistency index excluding uninformative characters 0.750, retention index 0.571). A single internal branch was retrieved by all three methods (and supported by 70% of bootstrap replications).
In both taxa, internal branches that were retrieved with some robust support also corresponded to the deepest branchings observed in the general analysis of figure 1. The lack of resolution observed at the species level clearly resulted from a lack of significant data in all analyses. In particular, the data matrices used for parsimony had only seven informative positions for, respectively, 6 or 12 species.
In order to investigate if the lack of differences between species was indeed a lack of divergence or if it resulted from an inappropriate use of sequencing methods (see below), we then compared the SSU rRNA sequences of the different operons within a single organism. Escherichia coli strain PK3 (Kahn 1968) was chosen because it is one of the parental strain of the recombinant bacteria "Salmorichia," which can used in experimental studies to estimate the rates of recombination between rrn operons (Rayssiguier, Thaler, and Radman 1989) . The presence of seven rrn operons has been described for E. coli (Hill and Harnish 1981) . These data were confirmed by DNA hybridization of a labeled probe to the genomic DNA of E. coli strain PK3, after digestion by a combination of restriction enzymes (see the Materials and Methods). These seven SSU rRNA genes were sequenced revealing that there were mutations in the different genes. These sequences were then aligned with the available SSU rRNA sequences of the other enterobacterial species and strains of E. coli retrieved from EMBL ( fig. 3 ). This analysis showed that 1992). In order to examine this problem in more detail, these mutations were not-dispersed over-the entire length , by the maximum likelihood method (trees B and E), and by the maximum parsimony method (trees C and F). Different topologies were obtained with different methods. Branches significantly positive at P < 0.01 in maximum likelihood are labeled with asterisks. When several trees were obtained by parsimony, a strict consensus was computed. Supports in a bootstrap analyses are indicated as percentages of replications above each branch (only percentage above 50% are indicated); these numbers also indicate branches retrieved in the most parsimonious tree. Thicker lines indicate branches that were found in all three methods.
of the sequence but appeared in domains that were also variable in the SSU r-RNA sequences of other species ( fig. 3) , and that corresponded to helices in the secondary structure (De Rijk et al. 1992) . Identical mutations were often found when our sequences were compared to published sequences for homologous operons although probably for other strains of E. coli. The most obvious example was the 3' end of the sequence of rmH (Nakayashiki et al. 1992; Miyamoto 1993) , but some minor differences can also be found ( fig. 3 ). These differences are difficult to analyze because strains have often not been mentioned in previously published works. For strain PK3, it is striking that differences between operons do not seem to appear at random. Operons D and G had identical sequences but differed from any other operon at positions 80, 81, 90, 91, and 94. The sequence of operon D was different from any other operon at positions 25 1, 254, and 274. Finally, the sequence of operon H was different from any other operon at positions 1004, 1008, 1012, 1021, 1022, 1023, 1024, 1025, and 1041. A "bulk" sequence was also obtained by amplification of total genomic DNA of E. coli PK3 followed by a direct sequencing of PCR products using T7 DNA polymerase.
The readings of the sequencing gels did not show any strongly ambiguous position; some double bands could be observed in positions that corresponded to differences between r-m operons, but the second band was weak and would have been interpreted as a small sequencing artifact in an usual reading.
As a result, the sequence obtained can indeed be considered as a mean rRNA sequence for the organism considered (compare this sequence with that of the seven operons in fig. 3) .
A phylogenetic analysis including the sequences of the seven rrn operons showed that rmH clustered with E. sp. (fig. 4) . The parsimony analysis found seven trees (for 19 sequences, 37 nonuniform characters, 15 informative positions, tree length 46, consistency index excluding noninformative characters 0.696, retention index 0.720). The internal branch linking E. coli rmH with E. sp. was supported at 78% level of bootstrap replication and showed a significantly positive length at P < 0.01 using the maximum likelihood method.
Discussion
Relationships among organisms are often presented as evolutionary trees. The resolution obtained in a given phylogenetic tree is generally thought to be a schematic picture of our understanding of the evolutionary history of these organisms.
A group of species appears as a clade when they all descend from a node from which no other species that is not a member of this group also descend. In figure 1 for example, two clades can be robustly identified, i.e., that of {Escherichia + Shigella} and that of {SaZmoneZZa}. However, further analyses could not derive decisive phylogenetic ingroup relationships within the {Escherichia + ShigeZZa} and Salmo- 
FIG.
3.-Aligned SSU t-RNA sequences for Enterobacteriaceae and for the seven operons of E. coli strain PK3. Only parts of the sequences that showed differences from one operon to another are shown. Positions that were identical to that in the first sequence are indicated by dashes. Asterisks are used to show deletions necessary to maximize homologies.
For strain PK3, individual operons were isolated and sequenced (Escherichia coli 4 rrn A-H), but a sequence was also obtained directly from PCR products using full genomic DNA (E. coli 4). Note that for each domain, a sequence that is different in one operon of strain PK3 matches a mean sequence of another species (underlined). Sequence for operon B was identical to that obtained after cloning of the same operon: E. coli 2 (Brosius, et al. 1978; Weisburg et al. 1991) . Operon H was different from any other operon at positions strikingly located in the 3' end of the sequence. Confirmation of the peculiar 3' end sequence of operon H can be found elsewhere (Nakayashiki et al. 1992; Miyamoto 1993 nella clades, at least on the basis of SSU t-RNA sequences analysis. This problem is clearly due to a lack of data because not enough differences exist within these genera between the SSU rRNA sequences of such closely related species, at least as these sequences are currently obtained. Usually, a mean sequence of the different copies of the rRNA genes is now obtained by direct sequencing of rRNA molecules (Devereux et al. 1990 ; this work) or by direct sequencing of PCR products (Lawson et al. 1993; Rainey and Stackebrandt 1993; Willems and Collins 1993; Ruimy et al. 1994; this work) . Such sequences are filtered either because mutations present only in a single gene copy are not apparent or because bases are scored as undetermined when ambiguities are apparent. The success of this filtering effort was verified by comparing bulk sequences obtained by direct sequencing of PCR products or rRNA with individual sequences obtained after isolation of each operon ( fig. 3) .
Most of the variable positions that have been observed from one operon to another are located in domains of high mutation rates. These highly divergent domains are usually excluded from the data matrix when a phylogenetic analysis is undertaken for resolving distant relationships because these positions would include too many characters that are obviously homoplasic. It is therefore not important that the existence of a heterogeneity is not known or not taken into account, provided that these characters are removed from phylogenetic analyses. Any sequencing method mentioned above is then probably perfectly appropriate for determining the sequences of conserved domains. It is worth noting that the sequences of conserved domains as determined from different operons in different species do not respect the homology condition, but they are identical in practice within a clade of related organisms probably because the rate of fixation of mutations allowed by the selective pressure is lower than the rate of homogenization through conversion (see below). As heterogeneity between the different members of the rrn family has already been described in erogeneity among rrn operons might be a common phenomenon at least in bacteria. Because this heterogeneity increases the number of differences that can be analyzed between the rRNA sequences of any two organisms, obtaining a more robust phylogeny between closely related organisms may be considered after sequencing each operon, determining operon homology and comparing sequences that are homologous. Although this approach may seem sound, it is probably not appropriate because of a likely loss of homology at the nucleotide level that will result from frequent conversions (discussed below).
The differences observed between the seven operons that we have sequenced are not located randomly over the entire SSU t-RNA sequence, but they are localized for each operon within a single particular domain of high evolutionary rate ( fig. 3 ). Because two different operons can bear identical mutations all located over short domains (operons D and G between positions 71 and 100 for example), this suggests that the independent appearance of point mutations in the sequence of each operon has been obliterated by recombination events. The alternative hypothesis would be that these identical mutations at five different positions have appeared independently in two sequences. Although these mutations are compensatory mutations because they do not alter the secondary structure, it seems unlikely that five identical mutations occurred in a single variable domain for only two operons and not in the other domains nor in the other operons (see operons D and G in positions 251-280).
A decisive proof that such domain identity is the result of gene recombination and not of convergent point mutations would require a statistical analysis including data of several closely related strains of E. coli, but we suggest that recombinations have occurred and that they did not affect the entire length of the SSU rRNA sequences. Finally, the very different sequence observed in the 1001-1050 domain of operon H and the 251-280 domain of operon D are very similar to some bulk sequences of species belonging to other genera.
The SSU RNA sequence of each operon within a particular line of descent probably results from the superposition of different phenomena:
(1) an initially heterogeneous multigenic family when the taxon diverged, (2) fixation of random mutations, (3) gene conversions within the multigene family, and (4) lateral transfers. Gene conversions affecting short domains are suggested by our results that show small identical domains in different operons. It is still difficult to ascertain the origin of the differences that allow identification of such recombinations within a single organism. They may result either from point mutations since the establishment of the lineage, from a heterogenous rrn family at the time of divergence or from a lateral transfer. For E. coli, lateral transfers can occur even from distantly related organisms such as S. typhimurium (Rayssiguier, Thaler, and Radman 1989) . An interesting hypothesis is that the sequences observed presently in strain PK3 are in part the result of a polymorphic rm family in the bacteria that was the common ancestor at least to Escherichia and Salmonella and an absence of homogenizing conversion between some domains (3' end of rrnH for example) and the rest of the family during the lapse of time that separates strain PK3 from this ancestor. In this view, it can be predicted that some strains of E. coli have probably experienced a conversion and that these domains have been replaced by a typical E. coli sequence in these strains.
After the completion of homogenization within the rRNA family in a single genome, a direction of homogenization can be defined by considering which particular operonic sequence has replaced the ancestral sequences in all other operons. If the homogenization process does not involve the entire SSU-rRNA sequence, different directions of homogenization can occur for different domains of the molecule; as a result, even without sequencing each operon, this phenomenon could be traced from the observation of conflicting trees when, respec- tively, the 5' end or the 3' end of mean sequences or different variable domains are used in a phylogenetic analysis. Apart from our observations, other studies have demonstrated this problem either with SSU rRNA sequences (Sneath 1993) or with the multigene families of heat-shock HSP70 (Boorstein, Ziegelhoffer, and Craig 1994) and chorion proteins (Regier et al. 1994 ) for which trees derived from the C-terminal domain differed from that obtained using the N termini. Inheritance of a polymorphism followed by a subsequent complete homogenization through conversions would cause all gene trees to become coherent and display robust taxa that may reflect a similarity in the directions of conversions rather than a true monophyletic assemblage of species. This is a well known problem that phylogenetic analyses reflect the genealogy of the genes, not necessarily that of the organisms that possess the sequences in question (Nei 1987) . One way to circumvent such chance phylogenetic relationships due to historical recombinations is to use another gene, such as the rRNA gene for the large subunit, which is expected to be differently homogenized by conversion or to use a different type of gene, such as a single copy gene not liable to gene conversion (Barcak and Wolf 1988; Nelson, Whittam, and Selander 1991; Nelson and Selander 1992; Boyd et al. 1994) . However, lateral transfers have been demonstrated for many single copy genes, resulting in conflicting phylogenies when different genes are studied (Nelson, Whittam, and Selander 199 1; Selander 1992, 1994) ; an example of such conflict can be observed for the position of E. vulneris in our study and that of Lawrence and collaborators (Lawrence, Ochman, and Hart1 1991) . Organismal trees need to be derived from comparisons of phylogenies of several genes widely spaced on the genome in order to avoid as much as possible the effect of lateral transfers. However, hierarchical relationships and a rigid concept of species may not always apply at the gene level, because evolutionary processes are probably in part reticulate as opposed to strictly hierarchical ("modification with descent") and taxon dependent.
Considering the large database of SSU rRNA sequences now available (Maidak et al. 1994) , the ease with which these sequences are now obtained for any organism, and their wide use in bacterial systematics, it will be of importance to determine the rates at which gene homogenizations and lateral transfers occur in the rRNA multigene family. A precise assessment of the relations between the species tree and the gene tree will require a knowledge of the respective rates of speciation, recombination, and point mutation. Finally, one should note that some care should be taken when deriving species-specific probes, especially for a detection by PCR, as a single operon in one species might bear a sequence that is present in the majority of the operons in another species (see fig. 3 ). How often such problems can be encountered is still difficult to assess, because we lack data for individual operonic sequences in closely related organisms and because we have only poor estimates for the frequencies of recombinations for rrn operons (Milkman and MC Kane Bridges 1990, 1993; Medigue et al. 1991; Hart1 1992; Lenski 1993; Guttman and Dykhuizen 1994) .
